ABSTRACT The solitary larval parasitoid Dinarmus basalis Rondani is a promising biological control of Callosobruchus maculatus F, a major insect pest of stored cowpeas in West Africa. Farmers traditionally introduce Hyptis suaveolens L. Poit. leaves in their granaries for protection of cowpea seeds against bruchid damage. However, effects of botanical treatment using this plant on host location behavior and reproduction of D. basalis remain unknown. Olfactometer studies showed that sublethal doses of volatiles emitted by the crushed leaves and the essential oils were repellent for naive females D. basalis, which had previously developed in the absence of H. suaveolens volatiles. These females were able to move in a three-dimensional device and to avoid the host patches associated with H. suaveolens volatiles. Their reproductive activity was consequently reduced in such patches. Females, which had been exposed to sublethal doses of H. suaveolens volatiles during their postembryonic development, were no longer repelled or only partially repelled by the plant volatiles. A habituation process may be involved in the behavior of these D. basalis females. The importance of this habituation process is discussed within the scope of the integrated protection of cowpea seeds during storage.
In West Africa, the larvae of Callosobruchus maculatus (F.) cause high losses during the storage of the cowpea seeds, Vigna unguiculata Walper, in traditional granaries (Caswell 1961 , Ouedraogo et al. 1996 . In the absence of control strategies, the C. maculatus population increases rapidly over successive generations, and 80 Ð90% of the seeds are damaged after 6 months of storage (Ouedraogo et al. 1996 , Sanon et al. 1998 . Because pesticides are costly and some have potential health risks, the farmers traditionally introduce aromatic plants into the cowpea granaries. These plants are intended to release repellent or insecticidal compounds in the granaries, which could prevent the increase in the bruchid population (Golob and Webley 1980 , Lambert et al. 1985 , Regnault-Roger and Hamraoui 1993 , Boeke et al. 2004 ). The insecticidal activity of these plant volatiles has been studied under laboratory conditions, but their efÞcacy has rarely been shown under natural storage conditions (Arthur 1996) . Terpenes or sulfur compounds produced by various plant species are toxic for the adults of C. maculatus but have little effect on the larvae developing in the seeds (Dugravot et al. 2002 , Ketoh et al. 2002 . In Burkina Faso, farmers introduce dry Hyptis suaveolens L. Poit. leaves in cowpea seed granaries. These leaves release ␣-and ␤-pinene, sabinene, 1,8-cineole, and ␤-caryophyllene in the storage atmosphere (Peerzada 1997) , which are toxic for C. maculatus adults at high concentrations (Keita et al. 2000) .
Parasitoids are often more susceptible to insecticides than their hosts (Plapp 1979 , Waage 1989 , White and Sinha 1990 , Dugravot et al. 2002 , Ketoh et al. 2002 . Low concentrations of plant volatiles have a limited inßuence on the survival of bruchid adults but could be toxic or repellent for their parasitoid, Dinarmus basalis Rondani. This parasitoid limits the buildup of the C. maculatus population at the beginning of the storage and signiÞcantly reduces the seed losses and could be used for biological control (Sanon et al.1998) . However, the inßuence of H. suaveolens volatiles on the survival or the behavior of the parasitoid D. basalis remains unknown. The aim of the Þrst part of this study was to analyze whether sublethal concentrations of H. suaveolens volatiles could disturb the host location behavior of D. basalis females and reduce their reproductive activity.
When the cowpea seeds are treated with H. suaveolens volatiles, the seed coat represents a barrier to volatile penetration (Ketoh et al. 2002) , and the D. basalis larvae developing on their hosts within the seeds are continuously exposed to low concentrations of these plant volatiles. These conditions of development could inßuence the female behavior after the imaginal molt. The females could respond to the H. suaveolens volatiles by an attraction process or a habituation process. Habituation has been observed in phytophagous insects after continuous ingestion of low concentrations of deterrents, because of a decreased sensitivity in gustatory receptor cells (Schoonhoven et al. 1998 , Bernays et al. 2003 . A similar reduction in sensitivity of olfactory receptors caused by a habituation process could be observed after continuous exposure of D. basalis females to plant volatiles during their development. Therefore, in the second part of this study, we analyzed the consequences of exposing the D. basalis larvae to H. suaveolens volatiles during postembryonic growth on the behavior and the reproduction of adult females.
Materials and Methods
Insect Origin and Rearing Conditions. Bruchids and parasitoids were collected from cowpea cultures in the Ouagadougou region of Burkina Faso at the end of the rainy season in September 2002. They were mass-reared in climate-controlled rooms under conditions close to those of their area of origin: 12 h for 33ЊC; 12 h for 23ЊC; 12-h L, 12-h D; 70 Ϯ 10% RH with synchronous photo-and thermo-periods. For bruchid rearing, 50 pairs of 2-or 3-d-old C. maculatus were placed for 24 h in rearing boxes (18 by 11 by 3 cm) containing 2,000 V. unguiculata seeds of the Californian Black Eyes variety. The females oviposited on the seeds and the postembryonic development of their offspring was completed entirely within the cotyledons. Under these rearing conditions, the mean developmental time ranged from 25 to 30 d. The female offspring were used either for the production of a new generation of bruchids or for the production of the fourth larval instar, 16 Ð20 d after the oviposition period, enabling the postembryonic growth of parasitoids. For parasitoid rearing, 1-or 2-d-old D. basalis adults were placed in transparent boxes (25 by 30 by 40 cm) in the presence of cowpea seeds containing C. maculatus L 4 larvae. After 2 d, the seeds with bruchid larvae, whether parasitized or not, were removed from the boxes and placed in petri dishes under standard rearing conditions. The females preferentially oviposited on this developmental stage (Nishimura 1993) . Adults emerged from the seeds after a developmental time of 12Ð15 d for D. basalis (Ouedraogo et al. 1996) . The females used in the experiments were placed in petri dishes as soon as they emerged and were fed with 10% sucrose solution, which was renewed every 2 d. Plant Volatiles. Samples of H. suaveolens were collected at the end of September 2002 in the Ouagadougou region. Some of the leaves were dried at 30ЊC for 72 h and were crushed into a Þne powder. Other leaves were used to extract essential oils by steam distillation. The mixture of oil and steam was condensed in a refrigerant system and separated by settling. The crushed leaves and the essential oils were kept in a refrigerator under darkened conditions. Dispersion and Reproduction of D. basalis in the Presence of Plant Volatiles. Rectangular plastic boxes (30 by 12 by 9 cm) were divided into three subunits (12 by 10 by 9 cm) by a mesh screen that allowed the free passage of the parasitoid adults from one subunit to another. Twenty inseminated D. basalis females were placed in central subunit (CS). Cowpea seeds containing 50 C. maculatus pupae were placed in subunits 1 and 2. Five grams of H. suaveolens crushed leaves or 5 l of essential oil deposited on a 4-cm 2 Þlter paper were introduced in subunit 2. The control and the treatments were placed at random in the two outer subunits. The number of females present in the three subunits was observed 1, 12, and 24 h after the beginning of the experiments, and there were Þve replications for each experimental condition. At the end of the study, the seeds containing the C. maculatus pupae were opened; the number of parasitized hosts and the number of D. basalis eggs laid on the hosts were determined.
Influence of H. suaveolens Volatiles on Host Location by D. basalis Females in a Y-tube Olfactometer.
Females were offered a dual choice in a Y-shaped glass tube. The common part of the tube and the two arms were each 25 cm in length. Each arm was connected to a cylindrical glass box (13 cm in height, 9 cm in diameter), a humidiÞer bottle, a tube with active charcoal, and a ßow meter. With air pressure, an air stream was generated and divided in two, and each secondary air stream passed through the arm at a velocity of 0.5 m/s. The Y-tube was placed in a climate-controlled room at 30 Ϯ 2ЊC with lighting consisting of a 450 lux. Odor sources were obtained in each arm by introducing cowpea seeds (200 g) containing C. maculatus larvae in the cylindrical boxes in presence or in absence of 15 g of H. suaveolens crushed leaves or 10 l of essential oils deposited on a 4-cm 2 Þlter paper. The behavior of two types of D. basalis females was analyzed in the presence of H. suaveolens volatiles. Fourday-old naive females were isolated from insect cultures developing in absence of H. suaveolens volatiles. During the Þrst 3 d, the females, placed in the presence of males, were inseminated, and their ovarian activity was stimulated by the presence of cowpea seeds containing bruchid larvae (Terrasse and Rojas-Rousse 1986). Twenty-four hours before the experiments, they were individually placed into petri dishes without bruchid larvae volatiles. Experimented females were obtained by placing 100 mated D. basalis females in presence of cowpea seeds containing 500 C. maculatus pupae for 24 h. The seeds with parasitized hosts were introduced in a hermetic 1-liter glass rearing box containing 5 g of crushed leaves or 5 l of essential oils deposited on a Þlter paper. Emerging females were selected and placed in presence of males, cowpea seeds with bruchid larvae, and plant volatiles for 3 d. They were isolated and individually placed in petri dishes for 24 h in absence of H. suaveolens volatile. The test consisted of introducing females individually into the common part, and giving them 3 min to move into the Y-tube olfactometer. A response was recorded if the female entered the control arm (pure air or cowpea seed containing bruchid larvae) or the test arm (cowpea seed containing bruchid larvae mixed with crushed leaves or essential oil). When the female remained in the common part of the Y-tube olfactometer, no choice was noted. In control tests, naive and experimented females were given the choice between pure air and an air ßow scented by cowpea seeds containing bruchid larvae on one hand and air ßow scented by cowpea seeds containing bruchid larvae in both arms on another hand. Females were used once, and at least 65 females were tested for each dual choice situation. The connection of odor source containers to the Y-tube was exchanged after Þve insects were tested.
Statistical Analysis. Data of the distribution of D. basalis females in the three subunits of the threedimensional device were analyzed using a Friedman test for comparison of several dependent groups of data (Cortesero et al. 1993) . A Wilcoxon test for two dependent groups of data was used to compare the mean parasitism rates and the female fecundities in the two outer subunits of the experimental device. Data from dual choice response of females in Y-tube olfactometer were tested by a one-sample 2 test (Zar 1998, Vallat and Dorn 2005) for a deviation from a binomial distribution of 50:50, which was assumed to represent no effect. For all comparisons, the differences were signiÞcant when P Ͻ 0.05.
Results

Dispersion and Reproduction of D. basalis in the
Presence of H. suaveolens Volatiles. When plant volatiles were introduced in subunit 2, D. basalis females did not randomly moved in the three-dimensional device, regardless of the observation period (Table 1) . The percentage of females moving toward subunit 2, containing the H. suaveolens crushed leaves or essential oil, remained signiÞcantly lower during the three observation periods. A high percentage of females moved toward subunit 1 and reproduced on the seeds containing the hosts. At the end of the survey, the rates of parasitism and the mean number of eggs deposited by the females on the bruchid pupae were signiÞcantly higher in subunit 1 ( Table 2) .
Influence of H. suaveolens Volatiles on the Host Location of Naive Females in a Y-tube Olfactometer. When females had the choice between pure air and an air ßow scented with cowpea seeds containing bruchid larvae, only 9% remained in the common part of the Y-tube olfactometer (Fig. 1A) . In these experimental conditions, 98.4% of other females were attracted by the olfactory stimuli allowing host location as previously observed by Monge and Cortesero (1996) and moved toward the arm connected to this complex of odors (Fig. 1A) . In a choice situation between pure air and cowpea seeds containing bruchid larvae, mixed with volatiles emitted by H. suaveolens crushed leaves or essential oil, the percentage of females remaining in the common part of the Y-tube olfactometer (nonchoosing females) drastically increased (60 Ð 65%). The distribution of other females in the two arms of the Y-tube was similar in presence Means are compared using a Friedman test at P Ͻ 0.05. CS, central subunit where parasitoids were introduced; 1, subunit containing cowpea seeds with bruchid larvae; 2, subunit containing cowpea seeds, bruchid larvae, and crushed leaves or essential oil of H. suaveolens. Means of each parameter within rows followed by the same letter are not statistically different (Wilcoxon test at P Ͻ 0.05). CS, central subunit where parasitoids were introduced; 1, subunit containing cowpea seeds with bruchid larvae; 2, subunit containing cowpea seeds, bruchid larvae, and crushed leaves or essential oil of H. suaveolens. of crushed leaves ( 2 ϭ 2.4; P ϭ 0.12) but differed in the presence of essential oil ( 2 ϭ 4.9; P Ͻ 0.05). In the situation where both arms of the Y-tube were connected to an air ßow scented by cowpea seeds containing bruchid larvae (Fig. 1B) , an equal percentage of females were found in each arm assuming a binomial distribution of 50:50 ( 2 ϭ 0.1; P ϭ 0.72). In the presence of H. suaveolens volatiles, 7Ð10% of females remained in the common part of the Y-tube and did not choose between cowpea with bruchid larvae volatiles and the plant volatiles. Other females avoided the test arm containing the plant volatiles ( 2 ϭ 31.1; P Ͻ 0.0001 for crushed leaves and 2 ϭ 45.6; P Ͻ 0.0001 for essential oil). Therefore, naive D. basalis females were no longer attracted by the odors of cowpea seeds containing bruchid larvae when these stimuli allowing host location were associated with H. suaveolens volatiles.
Influence of H. suaveolens Volatiles on the Host Location of Experimented Females in a Y-tube Olfactometer. In a pure air control test ( Fig. 2A) , females previously reared in presence of H. suaveolens volatiles were attracted by the odors of cowpea seeds containing bruchid larvae as it was observed for naive females ( 2 ϭ 50.8; P Ͻ 0.0001 for females reared in presence of crushed leaves volatiles and 2 ϭ 42.1; P Ͻ 0.0001 for females reared in presence of essential oil). In a choice situation between pure air and cowpea seeds containing bruchid larvae mixed with plant volatiles, the percentage of females making no choice remained low ( Fig. 2A) . Other females were attracted by cowpea seeds mixed with plant volatiles ( 2 ϭ 28.8.8; P Ͻ Control: pure air versus cowpea seeds containing bruchid larvae (PA/SL); pure air versus cowpea seeds containing bruchid larvae mixed with H. suaveolens crushed leaves (PA/SLϩ CL); and pure air versus cowpea seeds containing bruchid larvae mixed with H. suaveolens essential oil (PA/SL ϩ EO). (B) Control: cowpea seeds containing bruchid larvae in each arm (SL/SL); cowpea seeds containing bruchid larvae versus cowpea seeds containing bruchid larvae mixed with H. suaveolens crushed leaves (SL/SL ϩ CL); and cowpea seeds containing bruchid larvae versus cowpea seeds containing bruchid larvae mixed with H. suaveolens essential oil (SL/SL ϩ EO). N ϭ 65 females tested.
2 test:
n.s. P Ͼ 0.05; *P Ͻ 0.05; ***P Ͻ 0.001. When females were exposed to cowpea seeds containing bruchid larvae volatiles in both arms of the Y-tube ( Fig. 2A) , there was a random 50:50 distribution in both arms even when H. suaveolens volatiles were associated. In the presence of plant volatiles, experimented females were attracted by the stimuli allowing host location despite their association with H. suaveolens crushed leaves ( 2 ϭ 0.06; P ϭ 0.81) and essential oil ( 2 ϭ 0.46; P ϭ 0.49), previously repellent for naive females.
Discussion
Behavior and reproduction of the D. basalis females were disturbed by the presence of sublethal doses of H. suaveolens volatiles even if they were associated to the odors of cowpea seeds containing C. maculatus larvae allowing host location. This behavior was only observed in naive female, i.e., females developing during their postembryonic growth in the absence of H. suaveolens volatiles. The olfactometer studies clearly showed that sublethal doses of H. suaveolens volatiles were repellent for these D. basalis females. Many studies have analyzed the toxicity of aromatic plant Control CL and EO for females reared in presence of crushed leaves and essential oil, respectively: Pure air versus cowpea seeds containing bruchid larvae (PA/SL); pure air versus cowpea seeds containing bruchid larvae mixed with H. suaveolens crushed leaves (PA/SLϩ CL); and pure air versus cowpea seeds containing bruchid larvae mixed with H. suaveolens essential oil (PA/SL ϩ EO). (B) Control CL and EO: cowpea seeds containing bruchid larvae in each arm (SL/SL); cowpea seeds containing bruchid larvae versus cowpea seeds containing bruchid larvae mixed with H. suaveolens crushed leaves (SL/SL ϩ CL); and cowpea seeds containing bruchid larvae versus cowpea seeds containing bruchid larvae mixed with H. suaveolens essential oil (SL/SL ϩ EO). N ϭ 65 females tested in each experimental situation.
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volatiles in phytophagous insects. They can be used as fumigants (Risha et al. 1990 , Shaaya et al. 1997 , Ketoh et al. 2002 , Lee et al. 2003 or repellents (Papachristos and Stamopoulos 2002, Boeke et al. 2004 ). However, the plant volatiles had a limited effect on the larvae developing within the seeds (Dugravot et al. 2002 , Ketoh et al. 2002 ). The essential oils of H. suaveolens were toxic for the eggs and the adults of C. maculatus (Djibo et al.1996 , Keita et al. 2000 . The crushed leave volatiles had high toxicity on adults of Bruchidae, Curculionidae, and Bostrichidae (Boeke et al. 2001 (Boeke et al. , 2004 . However, a limited number of studies have analyzed the consequences of the plant volatile treatments on the natural enemies of bruchids. Ketoh et al. (2002) observed that D. basalis adults were more susceptible to the essential oils of Cymbopogon nardus, C. schoenanthus, and Ocimum basalicum than the C. maculatus adults. In traditional storage, the concentration of volatiles emitted by the essential oils or the plant crushed leaves decreased probably over time. These volatiles killed the adults of the two species at the beginning of storage but did not affect the development of the larvae inside the seeds. The plant volatiles penetrated inside the seeds and the new generation of D. basalis adults emerging from the seeds had been exposed during their postembryonic growth to these compounds. The experimental studies showed that continuous association of H. suaveolens volatiles with the odors of seeds and bruchid larvae inßuenced the behavior of the D. basalis females. The females, which had developed within the seeds in the presence of H. suaveolens volatiles, were not repelled (or were partially repelled) by an odor complex containing these compounds. These parasitoids were able to learn a novel odor associated with their host plant complex during their development or during an oviposition probing phase. The females can recognize this novel odor but did not respond by an attraction process as observed in Leptopilina sp. by De Jong and Kaiser (1992) and Kaiser et al. (1995) . The learning capacities represent an important mechanism underlying behavioral plasticity in the parasitoids (Vet and Groenewold 1990 , Petitt et al. 1992 , Vet and Dicke 1992 , Takasu and Lewis 2003 . Learning capacities had been observed in Eupelmus vuilleti Crawford a sympatric parasitoid species of D. basalis; the host location behavior depending on the chemical environment prevailing at the beginning of the imaginal life Monge 1994, Monge and Cortesero 1996) . However, in this study, the experimented D. basalis females did not response to H. suaveolens volatiles. This absence of behavioral response could be the result of a habituation process as deÞned by Schoonhoven et al. (1998) . Habituation processes have been observed in phytophagous larvae exposed to deterrents. The acceptability to grasshopper and caterpillar of foods treated with deterrents has been shown to increase as they repeatedly visited these deterrents (Bernays 1995) . This acceptability was caused by a sensitivity loss of the gustatory cells to the deterrents (Bernays et al. 2003) . Such a habituation process had not yet been observed in parasitoids, but these insects have important learning capacities and habituation is the simplest form of learning (Schoonhoven et al. 1998) . The continuous exposure of D. basalis to the low concentrations of H. suaveolens volatiles could result in a sensitivity loss of the olfactory cells. Electrophysiological studies of the olfactory sensory cells of these females are necessary to understand the habituation process.
Under storage conditions, habituation had a positive effect on biological control. In D. basalis, the host location behavior and the reproduction of these experimented females were not affected (or were partially affected) by the presence of the H. suaveolens volatiles, and the bruchid larvae could be controlled by the parasitoid. The granaries represent a closed environment and the survival of the parasitoids depends on their adaptive capacities to react to host availability and the chemical factors associated with these hosts. Integrated control of the C. maculatus populations using H. suaveolens volatiles and the parasitoid D. basalis could be used in granaries for cowpea seed protection and could therefore reduce the increase of the bruchid population.
